IMPORTANCE Approximately 1 million patients in the United States with type 2 diabetes mellitus and mild-to-moderate kidney disease do not receive guideline-directed therapy with metformin. This may reflect uncertainty regarding the risk of acidosis in patients with chronic kidney disease.
M ore than 380 million people worldwide are affected by type 2 diabetes mellitus (DM) and approximately 20% have an estimated glomerular filtration rate (eGFR) less than 60 mL/min/1.73 m 2 . 1 Metformin hydrochloride is recommended as the first-line medication for type 2 DM because of its low cost, favorable adverse effect profile, and a possible beneficial effect on cardiovascular risk. [2] [3] [4] [5] However, it is frequently avoided in patients with chronic kidney disease (CKD) because of the concern of drug accumulation and lactic acidosis, 6 which arose following the withdrawal of phenformin from the US market in 1978, 7, 8 and case reports of metformin-associated lactic acidosis in patients with CKD. [9] [10] [11] [12] [13] [14] [15] Regulatory and professional society guidelines suggest that metformin may be an option in patients with mild to moderate CKD. 16 The US Food and Drug Administration (FDA) recently changed the metformin label from contraindicated at serum creatinine level greater than 1.5 mg/dL in men and greater than 1.4 mg/dL in women (to convert to micromoles per liter, multiply by 88.4) to contraindicated at eGFR less than 30 mL/min/1.73 m 2 , and not recommended to initiate metformin at eGFR less than 45 mL/min/1.73 m 2 . 17 Other guidelines cautiously support the use of metformin at eGFR 30 to 60 mL/ min/1.73 m 2 , recommending that metformin be reviewed 18, 19 at eGFR 30 to 45 mL/min/1.73 m 2 and that dose adjustment be considered. 20, 21 Despite recent changes to metformin labeling, data addressing the safety of metformin in patients with eGFR less than 60 mL/min/1.73 m 2 are inconclusive. 22, 23 Large retrospective studies have reported conflicting results regarding the association between metformin therapy and acidosis at eGFR less than 60 mL/min/1.73 m 2 , and have not addressed individual variation in eGFR over time, or possible confounding by concomitant insulin use. [24] [25] [26] [27] [28] [29] [30] [31] Although a systematic review of 347 trials and cohort studies found no evidence that metformin therapy increased the risk of acidosis compared with alternative antihyperglycemic therapies, 191 of the studies specifically excluded patients with CKD, and few of the remaining reported subgroup analyses for the participants with lower eGFR. 24, 30 We aimed to investigate the relationship between metformin therapy and acidosis across the full spectrum of eGFR in a large, integrated electronic medical record cohort, accounting for time-dependent eGFR stage, and for potential confounding from multiple variables, including concomitant insulin use. We sought to replicate findings in a separate nationwide cohort derived from 350 private health systems. In both cohorts, we compared acidosis risk during metformin use with the risk during alternative management of DM, hypothesizing that acidosis would be no more common among metformin users within categories of eGFR.
Methods

Study Population and Design
We studied a community-based cohort of patients with a diagnosis of DM and a postdiagnosis serum creatinine measurement between January 1, 2004, and January 20, 2017, receiving primary care in Geisinger Health System. Deidentified individual patient data from inpatient and outpatient encounters, including problem lists, prescriptions, diagnostic codes, and laboratory measurements, were used. We classified DM using the Health Plan Employer Data and Information Set (HEDIS) criteria, defined as 1 inpatient or 2 outpatient diagnostic codes (International Classification of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM]) of 250.x, 357.2, 362.0, and 366.41, or a prescription for a medication to treat DM other than metformin monotherapy. 32 The baseline date for the primary analysis was the first serum creatinine measurement on or after DM diagnosis and January 1, 2004. We excluded patients with missing serum creatinine level (n = 2232), endstage renal disease status at baseline (n = 399), or initial eGFR less than 15 mL/min/1.73 m 2 (n = 711), for a total study population of 75 413. We censored patient time at death or at the end of study follow-up (February 2, 2017).
Outcome, Exposure, and Covariate Definitions
The primary outcome was a hospitalized acidosis event, defined as an inpatient ICD-9-CM code of 276.2. 29, 31 This diagnostic code broadly encapsulates acidosis but specifically excludes diabetic ketoacidosis. We also evaluated the occurrence of ICD-9-CM 276.2 as a primary code. Metformin use and daily dose were ascertained from electronic prescription records. Start time was defined as the date of electronic prescription, and stop time was the end date of the prescription, or the date that a clinician discontinued the medication, whichever came earlier. A gap between prescriptions of less than 60 days was not considered a medication discontinuation to allow for the possibility of stockpiling of medications.
The eGFR was estimated from serum creatinine level using the CKD-Epidemiology equation and staged according to the Kidney Disease Improving Global Outcomes guidelines (<30, 30-44, 45-59, 60-89, and ≥90 mL/min/1.73 m 2 ). 33 In analyses using time-dependent eGFR stage, all outpatient serum creatinine levels were assessed. Each time a participant changed eGFR stage, the variable was updated and subsequent follow-up time was categorized accordingly. Other covariates included age, sex, race, smoking status, body mass index (BMI, calculated as weight in kilograms divided by height in meters squared), serum bicarbonate, hemoglobin A 1c (HbA 1c ), comorbid cardiovascular disease, heart
Key Points
Question Does metformin use increase the risk of acidosis in patients with chronic kidney disease?
Findings In 2 large retrospective cohorts of patients with diabetes mellitus (Geisinger Health System, n = 75 413 and MarketScan, n = 82 017), metformin use was not significantly associated with incident acidosis at estimated glomerular filtration rate (eGFR) greater than 30 mL/min/1.73 m 2 .
Meaning Metformin therapy may be safe in patients with type 2 diabetes and eGFR 30 to 60 mL/min/1.73 m 2 .
failure, hypertension, and medication use. We categorized patients as ever or never cigarette smokers, and determined comorbid cardiovascular disease (coronary artery disease, stroke, or peripheral arterial disease), heart failure, and hypertension by the presence of relevant diagnostic codes at any time prior to cohort inclusion (eTable 1 in the Supplement). We abstracted serum bicarbonate and HbA 1c from outpatient laboratory data within 1 year prior to index date. We recorded baseline and time-dependent use of statins, renin-angiotensin system inhibitors, diuretics, nonsteroidal anti-inflammatory drugs, insulin, sulfonylureas (eg, glimepiride, glyburide, glipizide), and other hypoglycemic medications in a manner similar to metformin use. We determined deaths by linkage to the National Death Index.
Statistical Analysis
We compared baseline characteristics of patients according to baseline eGFR stage. Differences across categories were determined using linear regression for continuous variables and logistic regression for binary variables on the median eGFR value within each eGFR category. We analyzed risk of acidosis in metformin use, compared with no metformin use, using Cox proportional hazards regression. We used a model in which metformin use and eGFR category were captured as time-dependent variables. In other words, values were allowed to change over time, with metformin use initiated or discontinued with prescription start and stop time, and eGFR category updated when outpatient eGFR changed. Models were run unadjusted, demographicadjusted, and fully adjusted for baseline covariates (demographic characteristics, eGFR, serum bicarbonate level, smoking status, BMI, cardiovascular disease, heart failure, hypertension, and medication use). A linear spline was used for bicarbonate level, with a knot at the mean (27.5 mEq/L [1:1 conversion to millimoles per liter]), to address the nonlinear association between bicarbonate and acidosis. We tested for modification of the association between metformin and acidosis by eGFR stage by including a product term with eGFR stage modeled as an ordinal variable. In secondary analysis, we also captured the use of other medications as timedependent variables.
Sensitivity Analyses
First, we performed an active comparator study, in which new (first-time) metformin users were compared with new sulfonylurea users without accounting for time-dependent eGFR. Second, we constructed propensity-matched cohorts for prevalent metformin users within each category of eGFR, censoring at metformin discontinuation for cases, metformin initiation for controls, or eGFR category change. The propensity score was created using logistic regression of metformin status on the aforementioned covariates. Cases (metformin users) and controls (non-metformin users) were matched using nearest-neighbor matching on a 1:1 basis within each category of eGFR using a caliper of one-fifth the standard error (0.044). Third, we tested associations after excluding the 12 971 baseline insulin users. Fourth, we included baseline HbA 1c in the fully adjusted model. Fifth, we replicated the analysis in persons with a new diagnosis of DM after January 1, 2004. Finally, to address the possibility of incomplete capture of metformin discontinuation and thus overestimation of metformin exposure during which no events occurred, we censored all metformin users without acidosis events 90 days earlier.
Replication in Commercial Claims Database
We replicated active comparator results in the MarketScan database, an individual-level inpatient and outpatient claims data source from 350 private health systems, linked to outpatient laboratory test results for some patients. We included adults with DM defined by the HEDIS criteria and at least 1 creatinine level assessed on or after diagnosis. Medication use was sourced from pharmacy dispensing claims. Covariates, laboratory values, and acidosis outcomes were determined from diagnostic codes in a parallel manner to Geisinger Health System. Time at risk began at prescription for either metformin or sulfonylurea after January 1, 2010, and ended at hospitalization with acidosis, use of the opposite medication class, cessation of medication use, death, or end of study follow-up on December 31, 2014, whichever came first. Cessation of medication use was recorded as the date of last prescription, plus days of supply. Baseline eGFR was defined as the closest serum eGFR measurement within 1 year prior to first medication use. We compared risk of acidosis in metformin users with sulfonylurea users using Cox proportional hazards regression, adjusted for baseline age, sex, eGFR, cardiovascular disease, heart failure, hypertension, and use of insulin, reninangiotensin system inhibitors, diuretics, and nonsteroidal anti-inflammatory drugs. All calculations were performed using statistical software (Stata, version 13.1/14.2; StataCorp LP).
Patient Involvement
Patients were not involved in the design or implementation of the study. The study was reviewed and deemed exempt by the Geisinger Health System and Johns Hopkins University Institutional Review Boards.
Results
Study Population
There were 75 413 individuals included in the Geisinger study population. Mean (SD) age at baseline was 60.4 (15.5) years, 51% were female, and mean (SD) BMI was 34.1 (8.1) ( Table 1) . At cohort enrollment, 14 662 patients had an eGFR less than 60 mL/min/1.73 m 2 and 1765 had an eGFR less than 30 mL/ min/1.73 m 2 . Median follow-up duration was 5.7 years (interquartile range [IQR], 2.5-9.9 years). The median number of creatinine measurements per year was 2.1 (IQR, 1.1-3.4), which increased with lower eGFR ( Table 2) .
Time-Dependent Metformin Use and Acidosis Events
Forty-five percent of patients were taking metformin at enrollment in the study (n = 34 095), and 13 781 of the remaining patients were subsequently prescribed metformin during follow-up ( Table 2 ). The median duration of metformin use was 2.8 years (IQR, 0.9-6.2 years). Overall, there were 2335 hospitalizations with acidosis over 470 114 person-years of follow-up: 737 events occurred over 188 578 person-years of metformin use and 1598 events occurred over 281 536 person-years of no metformin use. Of these events, only 29 had an acidosis diagnostic code in the primary position.
Metformin Use and Risk of Acidosis by Time-Dependent eGFR Category
The adjusted hazard ratio (HR) of acidosis during metformin use compared with nonuse was 0.98 (95% CI, 0.89-1.08) ( Table 3 ). There was a higher acidosis risk associated with metformin at lower GFR (P = .01 for interaction). However, the risk associated with metformin use was not statistically significant at eGFR greater than 90 mL/min/ 
Active Comparator and Propensity-Score Matched Analyses
In the active comparator cohort analysis in Geisinger Health System (n = 12 690), the crude incidence of acidosis among metformin users was 4.1 events per 1000 person-years and for sulfonylurea users was 6.9 events per 1000 person-years. Sulfonylurea use was more common at lower eGFR. Compared with sulfonylurea use, metformin use had similar associations with acidosis overall (adjusted HR, 0.91; 95% CI, 0. 
Additional Sensitivity Analyses
Excluding baseline insulin users resulted in a slightly lower prevalence of low eGFR (eTable 2 in the Supplement), but no increase in risk for metformin use at eGFR of at least 30 mL/ min/1.73 m 2 ( 
Replication Analysis
There were 67 578 new metformin users and 14 439 new sulfonylurea users in MarketScan. Metformin users were slightly younger and more often female compared with sulfonylurea users (eTable 3 in the Supplement). Median follow-up of metformin users was 12.0 months (IQR, 5.5-22.6 months) and of sulfonylurea users was 11.5 months (IQR, 4.6-22.4 months). There were 238 acidosis events among metformin users, and 94 among sulfonylurea users. The incidence of acidosis was 2.7 events per 1000 person-years in metformin users, and 5.0 events per 1000 person-years in sulfonylurea users ( Table 5) . Lower eGFR was a risk factor for acidosis in both metformin and sulfonylurea users. , but this was not statistically significant (adjusted HR, 1.83; 95% CI, 0.57-5.88; P = .49 for interaction).
Discussion
In 2 large retrospective cohorts of patients with DM, metformin use in those with eGFR of at least 30 mL/min/1.73 m 2 was not associated with incident hospitalization with acidosis, even after accounting for change in eGFR stage over time and for potential confounding variables, including demographic characteristics, cardiovascular risk factors, HbA 1c , and concomitant medications, including insulin. This was true in adjusted, active comparator, and propensity score-matched analyses, and in a replication cohort of 82 017 patients from a nationwide database of health care claims. These findings support the recent expansion of the eGFR thresholds for metfor- Abbreviations: eGFR, estimated glomerular filtration rate; HR, hazard ratio.
a Reference for HR: sulfonylurea use.
b Adjusted for age and sex.
c Adjusted for age, sex, eGFR, cardiovascular disease, heart failure, hypertension, insulin, renin-angiotensin inhibitor, diuretics, and nonsteroidal anti-inflammatory drug use. 18-20
Our finding of no association between metformin use and acidosis at eGFR of 30 mL/min/1.73 m 2 or greater adds to existing literature by rigorously accounting for changes in eGFR over time and addressing confounding through propensity score matching and multiple sensitivity analyses. Our findings support results from smaller cohorts that assessed lactic acidosis through medical record review, 16, 24 and using a wide range of diagnostic codes. 26, 34, 35 Although randomized clinical trials are the benchmark in assessing causality, they are generally underpowered to evaluate rare events. The 1 trial that randomized 393 participants with moderate CKD (serum creatinine level, 1.47-2.49 mg/dL) to cease or continue metformin therapy observed no events of lactic acidosis. 36 On the other hand, our observation of increased risk among patients with eGFR less than 30 mL/min/ 1.73 m 2 strengthens the evidence against metformin use in this group, which previously consisted of case reports and limited evidence from cohort studies.
Our results partially contradict a large cohort study investigating the association between metformin use and acidosis at low eGFR. 27 The UK General Practice Database, with 258 539 patients, found that current metformin users with eGFR less than 60 mL/ min/1.73 m 2 had a higher risk of lactic acidosis, defined by diagnostic code or plasma lactate concentration greater than 5 mmol/L (45 mg/dL), compared with never metformin users (adjusted HR, 6.37; 95% CI, 1.48-27.5). However, this study was limited by sparse eGFR data and did not account for changes in eGFR over time, leaving the possibility of confounding by GFR, which we show is itself a strong risk factor for acidosis. In the UK study, more than 70% of the never metformin users had either eGFR greater than 60 mL/min/1.73 m 2 or an unknown eGFR status.
From a public health perspective, the potential benefits of using metformin for patients with DM and CKD are vast, given the increasing number of people affected with both diseases worldwide. 1, 6 Metformin is the first-line therapy for type 2 DM owing to its cost-effectiveness and favorable adverse effect profile. Metformin may also have pleiotropic health benefits beyond its effect on glycemic control. 16 In an observational study, patients with type 2 DM and eGFR 30 to 44 mL/min/1.73 m 2 had less mortality with the use of metformin than sulfonylureas. 37 Patients using metformin may have less weight gain, lower risk of myocardial infarction, and even lower long-term mortality than those receiving other hypoglycemic therapies.
36,38,39
Limitations
The present study, while benefiting from a large sample size, has certain limitations. First, as with all observational studies, residual confounding is possible. Patients receiving metformin could have different acidosis risk than those who did not receive metformin, for reasons other than their metformin use. The previous contraindication to metformin use in patients with elevated serum creatinine (>1.5 mg/dL in men and >1.4 mg/dL in women) may have introduced a channeling bias, where patients with reduced eGFR might have been more likely to receive metformin therapy if they were healthier. However, we observed consistent results in propensity-matched analyses, with multivariable adjustment, and when excluding insulin users and directly comparing with alternative therapies. Second, the diagnostic code that we used to measure acidosis (ICD-9-CM 276.2) is not specific for lactic acidosis and may dilute the power of the study. On the other hand, the diagnostic code maintains consistency with earlier epidemiological studies, 26, 29 and allows for the possibility that metformin may contribute to acidosis from other metabolic factors such as malnutrition, liver disease, sepsis, and drug toxicity, which are all clinically relevant for patients. Furthermore, we showed increased risk associated with metformin use in patients with eGFR less than 30 mL/min/1.73 m 2 , which is consistent with current FDA recommendations. Third, if the effect of metformin use on lactic acidosis were mediated by decline in eGFR, the use of time-dependent eGFR in our analyses could bias results to the null. However, we found similar results when only adjusting for baseline eGFR in active comparator analyses. Fourth, we could not differentiate whether a change in eGFR stage occurred due to CKD progression or an acute kidney injury. In theory, metformin accumulation may be enhanced in prerenal acute kidney injury compared with CKD, where tubular function and active secretion may be disproportionately impaired due to concurrent volume depletion. 23 Fifth, we could not discern the specialty of the prescribing clinician, and medication use was derived from electronic medical records or claims and not verified by patient report. Finally, although we have no reason to suspect that results would be different by race, most of the Geisinger Health System population was white, which may limit generalizability.
Conclusions
Metformin use was not associated with incident acidosis in patients with eGFR 30 to 60 mL/min/ Abbreviations: eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1
